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ABSTRACT: Chromophoric (or colored) dissolved organic matter (CDOM) has been identified as a
major determinant of the optical properties of oligotrophic oceans. The factors controlling distribution
of CDOM far from the direct influence of land are not well known, as CDOM abundance and distribution does not directly correlate with phytoplankton productivity or biomass, or with dissolved
organic matter (DOM) concentration. As part of a larger study of the dynamics of CDOM in the open
ocean, we investigated direct release from plankton as a factor contributing to distribution patterns
of CDOM. We measured the production of CDOM by zooplankton (copepods, euphausiids, amphipods, salps, polychaetes), protozoans (colonial radiolaria), and by the colonial cyanobacterium Trichodesmium spp. in the North Atlantic subtropical gyre. Groups of individual species of plankton
were incubated and absorption spectra were obtained for their release products. CDOM was produced by all organisms examined, and absorption spectra varied by taxa, with major taxa exhibiting
characteristic absorption peaks. Plankton-produced DOM is a source of labile carbon and thus facilitates microbial activity, and CDOM may also serve as photoprotection for near-surface-living organisms. Zooplankton likely play an important role in the CDOM cycle in the Sargasso Sea, directly
through release/excretion of CDOM and indirectly by providing a labile substrate (excretia) for
microbial-mediated production of CDOM.
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The optically active fraction of dissolved organic
matter, known as CDOM (chromophoric dissolved
organic matter), plays a major role in determining
underwater light availability in the open ocean, and
can influence the accuracy of global satellite-based
measurements of ocean chlorophyll and primary productivity (Nelson & Siegel 2002). CDOM is also
thought to play an important role in climate-related
biogeochemical cycles (Mopper & Kieber 2002), and
can be a source of labile carbon, which facilitates

microbial productivity when bleached by sunlight (e.g.
Kieber et al. 1990, Mopper et al. 1991, Nelson et al. in
press). Operationally, CDOM is defined as organic
substances that absorb ultraviolet (UV) or visible light
and pass through a submicrometer filter (usually
0.2 µm) (Nelson & Siegel 2002). CDOM concentrations
in the open ocean (absorption coefficient at 325 nm
typically 0.05 to 0.25 m–1, Nelson & Siegel 2002) are
thought to reflect local production and destruction processes, as only a small fraction of open-ocean DOM
derives from terrestrial sources (Hedges et al. 1997,
Opsahl & Benner 1997).
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However, little is known of the local sources and
sinks of CDOM in the open sea. At the US JGOFS
Bermuda Atlantic Time-series Study (BATS) station in
the subtropical Sargasso Sea, CDOM distribution does
not directly correlate with phytoplankton productivity
or biomass on a seasonal scale (Siegel et al. 1995,
Siegel & Michaels 1996, Nelson et al. 1998), or with
dissolved organic carbon concentration (DOC) (Siegel
& Michaels 1996, Nelson et al. 1998). Recently, Nelson
et al. (in press) found that CDOM is produced by naturally occurring bacterial assemblages in the Sargasso
Sea, and that the quality of the DOM growth substrate
plays an important role in net CDOM production. This
suggests a local origin and significant dynamics for
CDOM cycling in the open sea. A number of biological
processes can regulate the concentration of CDOM in
the water column, including phytoplankton release,
products of zooplankton grazing, bacterial release and
uptake, and viral interactions (Nelson & Siegel 2002).
However, there are few quantitative data regarding
biological controls of CDOM cycling. As part of a
larger study of the dynamics of CDOM in the open
ocean, we investigated direct release of CDOM by a
variety of plankton taxa as a contributing factor to
distribution patterns of CDOM.
Zooplankton produce DOM through sloppy feeding
(Dagg 1974, Lampert 1978, Jumars et al. 1989), excretion (e.g. Nagata & Kirchman 1992, Steinberg et al.
2000, 2002), and fecal pellet dissolution (Urban-Rich
1999). Zooplankton excretion of DOM has recently
been recognized as an important component of zooplankton metabolism, although there are relatively
few studies of excretion of DOM by zooplankton
(Steinberg et al. 2002). Gelatinous zooplankton such as
medusae (Hansson & Norrman 1995) or polychaetes
(Steinberg et al. 2000, 2002) may also release DOM via
mucus production. Even less is known about the
chemical composition of zooplankton-produced DOM,
although a portion of this DOM is thought to be highly
labile and a good substrate for bacterial metabolism.
In addition, while the importance of cryptic and conspicuous coloration (or transparency) of zooplankton is
well known in pelagic ecosystems (e.g. Herring 1967,
McFall-Ngai 1990), and the inherent optical properties
of some zooplankton have been studied (Johnsen 2000,
Johnsen & Widder 2001), few data exist with regard
to the optical properties of their excretion products
(organic or inorganic), which may absorb UV radiation
and play a role in photoprotection.
We measured the production of CDOM by zooplankton (copepods, euphausiids, amphipods, salps, polychaetes), protozoans (colonial radiolaria), and the colonial cyanobacterium Trichodesmium spp. at several
sites in the North Atlantic subtropical gyre. CDOM
was produced by all organisms examined, and absorp-

tion spectra varied by taxa, with characteristic absorption peaks correlated to the major taxa. We discuss the
possible role and consequences of plankton production
of CDOM, such as its use as a substrate for bacterial
metabolism, as well as how zooplankton production of
CDOM affects CDOM cycling and distribution in the
Sargasso Sea.

MATERIALS AND METHODS
Plankton collection. Plankton were collected at
several open-ocean sites in the North Atlantic subtropical gyre (Table 1). Collection sites included the
BATS station (31° 50’ N, 64° 10’ W) and Hydrostation S
(32° 10’ N, 64° 30’ W) in the Sargasso Sea, southeast of
the island of Bermuda, and a station 190 km north of
Bermuda (34° 34’ N, 64° 15’ W), all visitied between
June and October 2000. Additional collections were
made along a meridional transect south from the BATS
station to 25° 00’ N, 64° 10’ W in August 2001. Tows
were performed from 0 to 200 m during the day and
night with a 2 m diameter, 500 µm-mesh plankton net.
The net was equipped with a large-volume, ‘live codend’ designed so that water filters out the top of the
cod end (Reeve 1980), thus maintaining the organisms
in excellent condition (Steinberg et al. 2000, 2002).
Colonies of both Trichodesmium spp. and some copepods living near to the surface (e.g. Clausocalanus
spp.), were collected in short, <10 m drift tows with a
1 m diameter, 350 µm-mesh plankton net, also equipped
with a similar style non-filtering cod-end. Colonial radiolaria were collected by hand in clean, wide-mouthed
polycarbonate jars while snorkeling in surface waters.
Incubations. Plankton were immediately sorted from
tows, and healthy active organisms were gently removed by pipette and placed into experimental bottles
filled with 1 l of 0.2 µm filtered seawater (FSW), prepared by filtering water taken from a conductivity
temperature depth (CTD) cast prior to the net tows
through a 0.2 µm, 147 mm, Osmonics gravity filter. The
number of each species per bottle depended on their
size and ranged from 2 for salps and alciopid worms to
200 for small copepod species, and 300 colonies l–1 for
Trichodesmium spp. All incubations were carried out
in acid-cleaned 1 l polycarbonate bottles. One or 2
bottles per species and 2 controls (without organisms)
were incubated in the dark, normally for 8 h, at in situ
sea-surface temperatures (21 to 28°C).
Two types of controls were run: 1 with 0.2 µm FSW,
and 1 with FSW and water from the tray used to select
animals (to ensure that any CDOM signal change in
the bottles with animals was due to excretia and not
to the water added while transferring the animal).
The latter controls were occasionally slightly higher,
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Table 1. Summary of chromophoric (or colored) dissolved organic matter (CDOM) excretion experiments. Temp.: mean incubation temperature. BATS: Bermuda Atlantic Time-series Study. Species for which more than one incubation was conducted are
sequentially numbered and correspond to numbered species names in the figures
Date (dd/mm/yy)

Location

Species

Taxon

Temp. (°C)

08/06/00

BATS
31° 50’N, 64° 10’W

Pleuromamma xiphias (1)
Naiades sp. (1)
Salpa fusiformis
Iasis zonaria

Copepod
Alciopid worm
Salp
Salp

21

21/08/00

Hydrostation S
32° 10’ N, 64° 30’ W

Clausocalanus spp.
Candacia ethiopica
Salpa aspera
Trichodesmium spp. (1)

Copepod
Copepod
Salp
Cyanobacteria

25

29/09/00

34° 34’ N, 64° 15’ W

Sapphirina spp. (1)
Trichodesmium spp. (2)

Copepod
Cyanobacteria

24

30/10/00

Hydrostation S
32° 10’ N, 64° 30’ W

Sapphirina spp. (2)
Trichodesmium spp. (3)

Copepod
Cyanobacteria

26

Cruise transect south of Bermuda
31° 00’ N, 64° 08’ S
31° 00’ N, 64° 08’ S
29° 59’ N, 64° 02’ S
29° 59’ N, 64° 02’ S
29° 59’ N, 64° 02’ S
28° 59’ N, 64° 10’ S
27° 57’ N, 64° 10’ S

Trichodesmium spp. (4)
Trichodesmium spp. (5)
Mixed euphausiids
Anchyomera blossevillei
Naiades sp. (2)
Colonial radiolaria
Pleuromamma xiphias (2)

Cyanobacteria
Cyanobacteria
Euphausiids
Amphipod
Alciopid worm
Radiolaria
Copepod

15/08/01
15/08/01
16/08/01
16/08/01
16/08/01
17/08/01
19/08/01

28

an indication that we were adding some CDOM with
the animals. Thus, for all experiments, the FSW plus
‘tow water’ control was subtracted from each of the
treatment spectra to obtain actual CDOM absorption
values of zooplankton excretia produced over the
course of the experiment.
At the end of the incubation, plankton were removed
with a 33 µm Nitex® sieve and the sample was filtered
through a 0.2 µm filter following Nelson et al. (1998)
and described briefly here. Samples for CDOM
spectroscopy were filtered using an all-glass filtration
unit through 0.2 µm Nuclepore filters, which had been
pre-treated by flushing with 250 ml of Milli-Q water,
then 250 ml of 0.2 µm FSW. Filtered samples were
normally stored for 1 to 2 d (and no more than 2 wk), in
acid-washed dark-glass bottles (Qorpak) with Teflon
(PTFE)-lined lids, in the dark at 4°C until spectral
analysis. Previous incubation experiments of similar
design and duration (Steinberg et al. 2000, 2002) indicated no significant changes in bacterial abundance
during experiments.
We did not monitor possible effects of CDOM leaching from fecal pellets defecated during the experiments. Independent studies were conducted to examine the possibility of fecal pellet leaching as a source of
CDOM. We collected fecal pellets from salps obtained
by SCUBA using hand-held jars. These large pellets
were immediately removed from jars containing the
salps, incubated (ranging in density from 4 to 127 pellets l–1), and processed as described above for excretion

experiments. These experiments indicated that absorption of CDOM leached from fecal pellets was insignificant (often immeasurable) compared to CDOM absorption observed in the excretion experiments (data not
shown); thus, we assumed CDOM leached from pellets
is similarly insignificant compared to CDOM excretion.
This same result was found in a comparison of excretion
and fecal pellet leaching of DOC (Steinberg et al. 2000).
In addition, experiments were conducted in filtered
seawater; thus, production of feces was minimal.
Spectral analysis and calculation of CDOM production rate. The absorption spectrum of CDOM was
measured with a Perkin-Elmer Lambda 18 Spectrometer scanning from 250 to 750 nm, using a 10 cm,
quartz windowed cylindrical cuvette (Nelson et al.
1998). The instrument was zeroed using Milli-Q water
in both cuvettes, and all measurements were made with
sample and reference at room temperature. The spectra
were acquired as decadal optical density, corrected for
baseline offsets (e.g. Green & Blough 1994) and were
converted to absorption coefficient (m–1) by converting
to base e (multiplying by 2.303) and dividing by the
geometric path length (0.1 m). Replicate spectra were
measured for each sample, with a mean difference
between replicate spectra from all experiments of 3%.
The production rate of CDOM (m2 mg body C–1 h–1 or
2
m mg colony C–1 h–1) is measured as the increase in
the CDOM absorption coefficient (m–1) at each wavelength over the course of the experiment, normalized
to the density and weight of organisms in the experi-
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ment (mg body C or mg colony C m– 3) and time (h–1).
Organism weights were either measured in the experiments or obtained from the literature (see table and
figure legends for sources).
Ammonia and DOC analysis. Ammonium (NH4+)
was measured on separate samples by the colorimetric
method of Koroleff (1983), using aged, 0.2 µm-filtered,
low-nutrient Sargasso Sea surface water for standard
curves and blanks.
DOC samples were analyzed with a custom-built hightemperature combustion (HTC) analyzer designed by the
Bermuda Biological Station’s DOM research group, or
with a Shimadzu TOC-V at the University of California
Santa Barbara. The configuration and operating parameters of our custom-built system are described in
Hansell & Carlson (2001). The operating conditions of
the Shimadzu TOC-V were slightly modified from the
manufacturer’s model system. Condensation coils and an
internal water trap were removed to reduce the system’s
dead space. The combustion tube contained Pt pillows
on top of Pt alumina beads to improve peak shape and to
reduce alteration of combustion matrix throughout the
run. CO2-free carrier gas was produced with a Whatman® gas generator. To avoid the small error associated
with day-to-day instrument variability, all samples
generated from a given experiment were analyzed in a
single day’s run. All samples were systematically
checked against low carbon water and deep Sargasso
Sea reference water (2600 m DOC).
Analysis of possible inorganic absorbing compounds. One important consideration is that inorganic
compounds in the water or produced by the zooplankton may be absorbing light (erroneously being considered as CDOM), and that the resulting absorption
spectra thus may not reflect CDOM produced during

Fig. 1. Example absorption spectra for controls and plankton.
Two types of controls were incubated, 1 with 0.2 µm filtered
seawater (FSW), and 1 with 0.2 µm FSW and water pipetted
from the tray used to select animals (FSW + tow water), to account for any chromophoric (or colored) dissolved organic
matter (CDOM) in the water added with animals during
transfer to incubation bottles. a: absorption coefficient

the experiment. Hence, we obtained absorption spectra from standard solutions of nitrate (KNO3: 1 mM),
nitrite (NaNO2: 1 mM), and ammonium (NH4Cl: 10 µM,
100 µM, and 1 M) to compare with absorption spectra
and final NH4 concentrations in plankton CDOM
excretion/release experiments.

RESULTS
Production of CDOM
CDOM was produced by a variety of mesozooplankton taxa as well as by protozoans (colonial radiolaria)
and the colonial cyanobacteria Trichodesmium. Absorption spectra from controls were consistently lower
than treatments containing animals. A typical example
of raw absorption spectra for a copepod (Candacia
ethiopica) and corresponding controls for comparison
are shown in Fig. 1. The resulting final ‘CDOM production spectra’ (with control subtracted) for this
copepod can be seen in Fig. 2.
Absorption of inorganic compounds in the water or
produced by the zooplankton was not a source of error
in our experiments. We used filtered surface seawater
as an incubation medium. Inorganic N concentrations
are sustained at a level below the limits of detection in
the surface waters of the Sargasso Sea during the seasons this work was performed, and never exceed 1 µM,
even during periods of deep winter mixing (Michaels &
Knap 1996, Steinberg et al. 2001). Nitrate and nitrite
standards of 1 mM, 3 orders of magnitude higher than
the highest winter NO3 + NO2 concentration in the
Sargasso Sea, were required before an absorption of
>1 m–1 (the values typically seen in our excretion experiments) was detected (data not shown). Thus, ambient concentration of macronutrients did not interfere
with optical properties of the incubation media. In addition, the excretion/release of ammonia by animals or
Trichodesmium in the experiments (see Table 2 and
‘Production of DOC and NH4’ below) did not reach sufficient concentrations to affect the absorption spectra.
The final concentration of ammonia excreted in all experiments ranged between <1 and 21 µM, and the maximum absorption in all experiments ranged between
0.2 and 7.3 m–1. The 100 µM ammonia standard had a
peak absorption of 0.04 m–1 (data not shown), which
would be virtually undetectable in our experiments.

Production of DOC and NH4
Excretion of dissolved organic carbon (DOC) and ammonia was measured in most experiments in addition to
CDOM (Table 2). Rates of DOC excretion for crustaceans
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Table 2. Weight-specific dissolved organic carbon (DOC) and NH4 excretion rates. Species for which >1 incubation was conducted correspond to numbered species names in Table 1 and figures. Temp.: mean incubation temperature; –: not available. Animal or colony weight was determined as follows: Sapphirina spp. (0.05 mg C, 0.01 mg N ind.–1; body volume to C, N conversion);
Pleuromamma xiphias (0.22 mg C, 0.04 mg N ind.–1); euphausiids (mostly Euphausiia brevis and Thysanopoda aequalis: 1.26 mg
C, 0.25 mg N ind.–1); Anchylomera blossevillei (1.26 mg C, 0.25 mg N ind.–1; from Steinberg et al. 2000, 2002, and assuming C
weight = 0.36 × dry weight, C:N = 5.1; Madin et al. 2001); Naiades sp. (3.0 mg C, 0.59 mg N ind.–1; dry weight measured in this experiment and assuming C weight = 0.36 × dry weight, C:N = 5.1; Madin et al. 2001); colonial radiolaria (0.1 mg C, 0.01 mg N
colony–1; from Swanberg 1983, and using C:N = 8.2; Michaels et al. 1995); Trichodesmium spp. (0.011 mg C, 0.002 mg N colony–1;
from Carpenter (1983). Excretion rates in parentheses are per colony (µg C or N colony–1 h–1)
Date
(dd/mm/yy)

Temp.
(°C)

Species

DOC excretion
(µg C mg C–1 or colony–1 h–1)

NH4 excretion
(µg N mg N–1 or colony–1 h–1)

29/09/00
30/10/00
19/08/01
16/08/01

24
26
28
28

Copepods
Sapphirina spp. (1)
Sapphirina spp. (2)
Pleuromamma xiphias (2)
Mixed euphausiids

13.15
7.04
1.90
1.86

4.72
4.72
6.14
7.52

16/08/01

28

Amphipod
Anchylomera blossevillei

0.72

2.22

16/08/01
17/08/01

28
28

Polychaete worm
Naiades sp. (2)
Colonial radiolaria

–
10.70 (1.07)

6.19
–

29/09/00
30/10/00
15/08/01
15/08/01

24
26
28
28

Colonial cyanobacteria
Trichodesmium spp. (2)
Trichodesmium spp. (3)
Trichodesmium spp. (4)
Trichodesmium spp. (5)

28.57 (0.32)
12.50 (0.14)
7.14 (0.08)
3.57 (0.04)

9.52 (0.02)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

ranged from 0.72 (amphipods) to 13.15 (copepods) µg C
mg body C–1 h–1. Radiolaria colonies produced 10.7 µg C
mg colony C–1 h– 1 (or ca. 1 µg C colony–1 h–1), and Trichodesmium colonies produced 3.57 to 28.57 µg C mg
colony C–1 h–1 (or 0.04 to 0.32 µg C colony–1 h–1). Ammonia excretion for crustaceans ranged from 2.22 (amphipods) to 7.52 (euphausiids) µg N mg body N–1 h–1.
The relatively large polychaeate worms excreted 6.19 µg
N mg body N –1 h–1, and in 3 out of 4 experiments Trichodesmium colonies produced no ammonia.

CDOM absorption signatures and production rates
The different major groups of plankton appear to
have diagnostic absorption spectra; the CDOM production varied in magnitude but the shape of the curve
was similar within different major groups of zooplankton. (Note: absorption and production are used interchangeably in the following discussion, as CDOM production is simply the absorption spectra normalized to
animal density, weight, and time.) The CDOM absorp-

Fig. 2. Chromophoric (or colored) dissolved organic matter (CDOM) production by Sargasso Sea copepods. Control absorption
spectra (filtered seawater [FSW] + tow water) have already been subtracted. All incubations were carried out in 0.2 µm FSW for
~8 h in the dark. CDOM production is the increase in the CDOM absorption coefficient normalized to the density and weight of
organisms in the experiment and time (see ‘Materials and methods’). Weights (mg body C ind.–1), were determined as follows:
Clausocalanus spp. (0.01), Candacia ethiopica (0.04) (from Verity 1985); Pleuromamma xiphias (0.22; from Steinberg et al. 2000,
2002), Sapphirina spp. (0.05; body volume to C conversion)
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Fig. 3. Chromophoric (or colored) dissolved organic matter
(CDOM) production by other crustaceans. (A) Euphausiids
(mixed species including: Euphausiia hemigibba, Thysanopoda aequlais, and E. brevis), (B) amphipod Anchylomera
blossevillei. Control absorption spectra (filtered seawater
[FSW] + tow water) have already been subtracted. All incubations were carried out in 0.2 µm FSW for ~8 h in the dark.
CDOM production is the increase in the CDOM absorption
coefficient normalized to the density and weight of organisms
in the experiment and time (see ‘Materials and methods’).
Weights (mg body C ind.–1) for mixed euphausiids (1.26) and
A. blossevillei (1.66) were determined in previous experiments (Steinberg et al. 2000, 2002)

tion spectra found for crustacean zooplankton are
shown in Figs. 2 & 3. All copepod species tested are
common epipelagic copepods in the Sargasso Sea, with
the exception of Pleuromamma xiphias, which is a vertical migrator and only found within the top 200 m at
night. The euphausiids and amphipods are also vertical
migrators. The peak absorption for a variety of copepods tested, as well as for amphipods and euphausiids,
is in the UV range between 250 and 275 nm, with a
steady decline thereafter. (Higher absorption may have
occurred at wavelengths < 250 nm; however, for simplicity we refer to ‘areas of maximum absorbance’ or
‘peaks’ occurring in the wavelengths routinely measured for CDOM.) The smallest copepods, Clausocalanus spp., had the highest weight-specific CDOM
excretion rates of the crustacea (peak ca. 4400 m2 mg
body C–1 h–1). The relatively large amphipods had significantly lower excretion rates (peak ca. 85 m2 mg
body C–1 h–1) than the copepods (peak ca. 325 to
4400 m2 mg body C–1 h–1) and euphausiids (peak ca.
2000 m2 mg body C–1 h–1).

The shape of the CDOM absorption spectra was different for gelatinous zooplankton. A large peak in
absorption was observed in each of 3 species of salps
(pelagic tunicates) between 295 and 298 nm (Fig. 4).
The Salpa fusiformis CDOM production (peak ca.
2500 m2 mg body C–1 h–1; Fig. 4A) was considerably
higher than the other 2 salp species (peaks ca. 430 and
610 m2 mg body C–1 h–1; Fig. 4B). The spectra from
2 alciopid worm (a gelatinous polychaete) experiments
exhibited an absorption peak at 270 nm, with a second
peak at 425 nm in 1 experiment (Naiades sp. 1) (Fig. 5),
with CDOM production peaks ca. 350 and 400 m2 mg
body C–1 h–1. The salps and alciopid worms used in our
experiments vertically migrate; however, the salps
S. fusiformis and Iasis zonaria also occur in the top
200 m during the day in the Sargasso Sea (Madin et al.
1996, D. K. Steinberg pers. obs.). Colonial radiolarians
form a gelatinous matrix secreted by the individual
cells and these gelatinous colonies are conspicuous
members of the surface plankton during the summer in
the Sargasso Sea and ubiquitous in temperate, subtropical, and tropical oceanic environments (Swanberg
& Harbison 1980, Swanberg 1983). The absorption
spectra for the colonial radiolarians (Fig. 6), with a

Fig. 4. Chromophoric (or colored) dissolved organic matter
(CDOM) production by salps. Control absorption spectra (filtered seawater [FSW] + tow water) have already been subtracted. All incubations were carried out in 0.2 µm FSW for
~8 h in the dark. CDOM production is the increase in the
CDOM absorption coefficient normalized to the density and
weight of organisms in the experiment and time (see ‘Materials and methods’). Weights (mg body C ind.–1) for Salpa
fusiformis (1.81), Iasis zonaria (1.72), and S. aspera (0.82)
were determined using algorithms in Madin & Deibel (1998)
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produced CDOM with absorption peaks at ~325 nm
and again at 360 nm. Peak per-colony production of
CDOM for Trichodesmium ranged from ca. 890 to
4460 m2 mg colony C–1 h–1 or 10 to 50 m2 colony–1 h–1
(Fig. 7). The wavelengths of maximum absorption for
all major taxa of plankton are summarized in Table 3.

DISCUSSION
Production of CDOM by zooplankton and
Trichodesmium
Fig. 5. CDOM production by alciopid worms (gelatinous polychaetes) Naiades spp. Control absorption spectra (FSW + tow
water) have already been subtracted. All incubations were
carried out in 0.2 µm FSW for ~8 h in the dark. CDOM production is the increase in the CDOM absorption coefficient
normalized to the density and weight of organisms in the
experiment and time (see ‘Materials and methods’). Animal
dry weights were measured in this experiment and converted
to C as described in Table 2. Weights (mg body C animal–1)
are Naiades sp. 1 (7.61) and sp. 2 (3.00)

large peak in absorption at 300 nm, was very similar to
that for the salps (Fig. 4). Production of CDOM was
higher for the radiolaria than any other organism
tested (peak ca. 23 000 m2 mg colony C–1 h–1 or 2300 m2
colony–1 h–1; Fig. 6).
CDOM absorption spectra for the colonial cyanobacteria Trichodesmium sp. are shown in Fig. 7. We chose
this species to test for CDOM production as it is ubiquitous in the surface waters of the Sargasso Sea and is
especially abundant in summer and late fall. Although
to different degrees, Trichodesmium in all experiments

CDOM was produced by a variety of zooplankton
taxa as well as by the colonial cyanobacteria Trichodesmium. Absorption spectra from filtered seawater, and from the water in which zooplankton were
collected, were consistently lower than treatments
containing animals. The addition to the controls of
some CDOM present in whole tow water (see ‘Materials and methods’) occasionally produced slightly
higher absorption coefficients than 0.2 µm FSW, and
thus likely affected the absorption coefficient values of
some of the treatments. However, this did not change
the shape of the spectra, with the exception of 2
incubations with Trichodesmium (Tricho-1, Tricho-2;
Fig. 7). These 2 incubations produced a higher absorption coefficient and slightly different absorption
spectra shape for Trichodesmium due to the relatively
lower CDOM absorption in the controls.
Most of the CDOM measured in the zooplankton experiments was likely excretory. Other possible sources
of DOM from zooplankton include leaching from fecal
pellets (e.g. Urban-Rich 1999), sloppy feeding while

Fig. 6. Chromophoric (or colored) dissolved organic matter
(CDOM) production by colonial radiolaria. Control absorption
spectra (filtered seawater [FSW] + tow water) have already
been subtracted. All incubations were carried out in 0.2 µm
FSW for ~8 h in the dark. CDOM production is the increase in
the CDOM absorption coefficient normalized to the density
and weight of organisms in the experiment and time (see
‘Materials and methods’). Colony weight (0.1 mg C colony–1)
from Swanberg (1983)

Fig. 7. Chromophoric (or colored) dissolved organic matter
(CDOM) production by colonies of the cyanobacterium Trichodesmium spp. Control absorption spectra (filtered seawater
[FSW] + tow water) have already been subtracted. All incubations were carried out in 0.2 µm FSW for ~8 h in the dark.
CDOM production is the increase in the CDOM absorption
coefficient normalized to the density and weight of organisms
in the experiment and time (see ‘Materials and methods’).
Colony weight (0.011 mg C colony–1) from Carpenter (1983)
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Table 3. Wavelengths of maximum absorption for major taxa
of plankton
Taxon

Wavelength(s) of
maximum absorption (nm)

Crustacea
Copepods
Euphausiids
Amphipods
Salps (pelagic tunicates)
Gelatinous polychaete (alciopid)
worm
Colonial radiolaria
Colonial cyanobacteria
(Trichodesmium spp.)

250–275

295–298
270, 425
300
325, 360

handling prey (Dagg 1974, Lampert 1978, Jumars et al.
1989), and seepage from dead carcasses (Lee & Fisher
1992). No CDOM signal was detected in fecal pellet
leaching experiments. Thus while some leaching of
CDOM from feces likely occurs, it is insignificant compared to excretion, as has been found for comparisons
of DOC excretion and DOC leaching from fecal pellets
for a variety of vertically migrating zooplankton in
the Sargasso Sea (Steinberg et al. 2000). As experiments were conducted in filtered seawater, herbivorous
sloppy feeding was likely not a source of CDOM.
Sloppy feeding from animals preying on each other
(Dagg 1974) is another possibility; however, all animals
were counted at the start and end of experiments to
account for any discrepancies. Numbers occasionally
differed at the start and end of some copepod treatments, but the discrepancy was only a few animals and
more likely due to errors in counting than feeding.
Since all animals appeared in good condition (actively
swimming) at the end of the experiments, seepage from
dead carcasses was likely not a source of CDOM, but
certainly could be in the water column.
The rate of weight-specific CDOM production was,
as expected, generally higher amongst the smaller
organisms (e.g. small copepods). The relatively low
CDOM production by the hyperiid amphipod Anchylomera blossevillei, which is similar in size to the
euphausiids (see Table 2 for weights), could be due to
differences in the animals’ diet (hyperiid amphipods
are carnivorous while euphausiids are omnivorous)
and previous feeding history. As CDOM is only a fraction of the total DOM excreted by zooplankton, and in
order to observe a measurable CDOM signal, densities
of organisms were relatively higher in experimental
bottles than in nature. Some density effects on nutrient
excretion rates of zooplankton have been reported,
although these effects have typically occurred at stocking densities several orders of magnitude higher than
those used in our experiments (see Ikeda et al. 2000

and references therein). Although the higher densities
could affect excretion rates, it is unlikely a large source
of error in our experiments as excretion rates of DOC
and NH4 were comparable to previous experiments
(Steinberg at al. 2000, 2002) using lower densities of
the same species (see section below).

Rates of DOC and NH4 excretion/production
Rates of DOC and NH4 excretion in our experiments
were similar to mean rates measured in previous
experiments of excretion of DOC and NH4 by zooplankton in the Sargasso Sea (Steinberg et al. 2000,
2002). For example, DOC excretion by Pleuromamma
xiphias of 1.9 µg C mg body C–1 h–1 (0.68 µg C mg dry
weight [dwt]–1 h–1) at 28°C is similar to rates of 2.6 ±
0.78 µg C mg body C–1 h–1 (0.93 ± 0.28 µg C mg dwt–1
h–1) at (mean ±1 SD) 26°C found in Steinberg et al.
(2000). For the same copepod, rates of NH4 excretion
are also comparable (6.14 µg N mg body N–1 h–1, or
0.43 µg N mg dwt–1 h–1 in the current study vs 5.95 ±
0.14 µg N ind.–1 h–1, or 0.42 ± 0.01 µg N mg dwt–1 h–1 in
Steinberg et al. 2002). Rates of DOC and NH4 excretion
for the larger amphipods and euphausiids (Table 2) are
also very similar to previous results at similar temperatures (Steinberg et al. 2000, 2002). To our knowledge,
these are the first reported rates of DOC production by
colonial radiolaria or Trichodesmium colonies. Likely
any DOC produced was due to leaching from the
colony matrix (see section below), or possibly excretion
by associated protozoa (e.g. Sheridan et al. 2002).

Taxa-specific CDOM excretion signatures and
possible composition
The different taxa of zooplankton and protozoa, as
well as Trichodesmium, appear to have diagnostic
absorption spectra. The CDOM absorption spectra typical for crustacean zooplankton are in the UV between
250 and 275 nm, with a steady decline thereafter. As
most of the CDOM produced is likely by excretion, we
can speculate as to what comprises the excretion products. Dissolved organic nitrogen (e.g. urea, amino
acids) can be excreted at substantial levels, ranging
from 7 to 89% of the total N excreted for a variety of
zooplankton taxa (see Table 3 in Steinberg et al. 2002
for review), frequently exceeding ammonia as the primary nitrogenous excretory product (e.g. Conover &
Gustavson 1999, Miller & Glibert 1999). Little is known
about the components making up DOC excreted by
zooplankton, but a substantial fraction appears to be
carbohydrates (C. A. Carlson & D. K. Steinberg unpubl.).
Of the known naturally occurring dissolved organic
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compounds in seawater — including free and combined amino acids, free and combined sugars, fatty
acids, sterols, vitamins, aliphatic hydrocarbons, urea
and uronic acids — most have their maximum wavelength of significant absorption below 300 nm (Zika
1981). Thus, it is not surprising that CDOM excreted
by crustacea exhibits a maximum wavelength of
absorption in this area.
The absorption spectra for gelatinous zooplankton and
gelatinous radiolarian colonies differed significantly
from the crustaceans, with a single absorption peak in
the UV region of the spectrum of ca. 300 nm for salps and
radiolarian colonies. Some of the radiolarian colonies
became disassociated during the incubation, and it is
possible that their high CDOM production rate is due to
some dissolution of the mucus holding the colonies
together. The gelatinous alciopid worms exhibited
absorption peaks in the UV at 270 nm and in the visible
region at 425 nm. These worms produce a visible yellow
slime when disturbed (D. K. Steinberg pers. obs.).
Although they were not disturbed in the experiments,
seepage of this material may normally occur in small
amounts from these animals, and is what we detected
optically. It is largely the uncharacterized fraction of
DOM that is the principal light absorber in the near-UV
and visible region of the spectrum, and the chromophoric character of this fraction is thought to be, at
least in part, due to plankton by-products (Zika 1981).
Trichodesmium also has its own characteristic absorption spectra with a primary peak at 325 nm and a
secondary peak, or ‘shoulder’, at 360 nm. These peaks
are consistent with mycosporine-like amino acids
(MAAs) produced by Trichodesmium. Direct release of
UV-absorbing MAAs has been demonstrated previously for Trichodesmium (Subramaniam et al. 1999)
and for the coastal red-tide-forming dinoflagellate
Lingulodinuium polyedra (Vernet & Whitehead 1996,
Whitehead & Vernet 2000). Subramaniam et al. (1999)
noted strong UV absorption at 332 and 362 nm for
water-soluble pigments from Trichodesmium. Likewise, an increase in absorption at 330 nm with a ‘shoulder’ at 360 nm in the absorption spectra was noted for
L. polyedra (Vernet & Whitehead 1996, Whitehead &
Vernet 2000). This absorption spectrum corresponds to
the absorption spectra measured for MAAs (Vernet &
Whitehead 1996, Whitehead & Vernet 2000). MAAs are
thought to be the major class of UV absorbing compounds in the marine environment (Bandaranayake
1998, Shick & Dunlap 2002), and important in the attenuation of UV radiation. These compounds are found in
a wide range of marine organisms (including phytoplankton and zooplankton) and may provide photoprotection from, or minimize deleterious effects of UV radiation (Karentz et al. 1991, Bandaranayake 1998, Jeffrey
et al. 1999, Karentz 2001, Shick & Dunlap 2002).
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Enhanced UV absorption in the summer stratified surface waters of the Sargasso Sea is likely caused by an
increase in MAA production by phytoplankton (Morrison & Nelson 2004). As Trichodesmium is ubiquitous
in the surface waters of tropical and subtropical seas
(Carpenter & Price 1977, Capone et al. 1997, Dupouy et
al. 2000), this species could play an important role in
CDOM dynamics and absorption of UV radiation. Likewise, the excretion of CDOM into the water column
by zooplankton may have the beneficial effect of decreasing UV transmission, and thus providing photoprotection for zooplankton against harmful UV radiation, as release of MAAs are considered to do for
phytoplankton (Vernet & Whitehead 1996).
Could CDOM be used as an indicator of plankton
present in the water column? The absorption spectra,
such as those typical for the crustacea, are similar in
shape to background CDOM (e.g. compare control
spectra with that of the copepod in Fig. 1). Other absorption spectra, such as those typical for some of the
gelatinous zooplankton or Trichodesmium, are quite
distinctive, and peaks or ‘shoulders’ in the ‘average’
CDOM spectra at their wavelength of maximum absorption may be evidence of the presence of these organisms in the water column. We sampled during some
Trichodesmium blooms, and controls of the surrounding water column did occasionally exhibit absorption
with a slight ‘shoulder’ at 360 nm. This may indicate
that taxa-specific signals are not necessarily diluted too
quickly from the background, and thus might be detectable. Many gelatinous zooplankton, such as salps,
are found in dense swarms or ‘blooms’ (Andersen
1998), and it is possible their characteristic CDOM signature could be detected during blooms as well. Other
possibilities include using CDOM fluorescence signatures. A fraction of the absorbing chromophores that
make up CDOM are also fluorescent. These have been
used to provide a ‘fingerprint’ of copepod and larvacean feeding (McCarty & Urban-Rich 2003, UrbanRich unpubl.), analogous to how fluorescent fingerprints have been used for discriminating between
terrestrial versus marine sources of fluorescent CDOM,
and different oceanic water masses (Coble et al. 1990,
1998, Del Castillo et al. 1999, 2000).

Possible role and consequences of plankton
production of CDOM
Secondary effects of zooplankton DOM release
As described above, zooplankton can directly release
CDOM; however, there are also secondary effects associated with zooplankton CDOM/DOM release. Release
of DOM by zooplankton can be a source of substrate for

54

Mar Ecol Prog Ser 267: 45–56, 2004

both bacterial growth and CDOM production by bacteria. Bacteria can process labile DOM into more refractory forms, so they are potentially both a sink for labile
DOM or CDOM and a source for refractory DOM or
CDOM. Preliminary experiments have demonstrated
that bacterioplankton concentration increases an order
of magnitude over 60 h in the presence of zooplankton
excretia, indicating that a portion of zooplanktonexcreted DOM is a highly labile substrate for bacterial
metabolism. Nelson et al. (in press) demonstrated that
CDOM was produced as a byproduct of remineralization of labile DOM by heterotrophic prokaryotes. In
their experiments, comparisons between remineralization of simple substrates (i.e. glucose) versus complex
substrates (i.e. zooplankton excretia) showed that the
complex nature of the substrate played a role in the
persistence of the CDOM byproduct. CDOM was produced in both the glucose-amended and zooplankton
excretia-amended treatments, but only in the zooplankton excretia treatments did net CDOM persist
longer than 1 wk (Nelson et al. in press). Thus, zooplankton produce CDOM both directly by excretion,
and indirectly as a byproduct of remineralization of
freshly released DOM. These results have important
implications for the net CDOM signal observed in the
Sargasso Sea every year.

Significance for the Sargasso Sea CDOM cycle
Results from a multi-year time series of CDOM in the
Sargasso Sea at the BATS station indicate a generally
homogenous distribution of CDOM throughout the
well-mixed water column in the winter. This changes
to a distinct surface-minimum, subsurface-maximum
pattern in the stratified summer water column (Nelson
et al. 1998, Nelson & Siegel 2002). This cycle is a consequence of a number of production and removal
processes. The summer profile reflects the combined
effects of sunlight-mediated bleaching and microbial
consumption of CDOM near the surface, and subsurface production of CDOM (Nelson et al. 1998, Nelson &
Siegel 2002). However, there is little or no correlation
between DOC concentration or primary productivity,
and CDOM concentration or production rate in the
Sargasso Sea (Nelson et al. 1998). The subsurface production of CDOM in the summer typically occurs shallower (50 to 100 m) than the deep chlorophyll maximum layer (80 to 120 m), and is not at a depth of high
phytoplankton biomass or productivity. The layer of
CDOM production does, however, correlate well with
the layer of highest bacterial biomass and production
(Carlson et al. 1996), suggesting bacteria are an important source of the CDOM. Experiments confirm that
the microbial community, acting on substrates such as

natural DOC, zooplankton excretia, or algal exudates,
can produce CDOM, which can be consumed by bacteria but can also persist (Nelson et al. in press).
What role might zooplankton play in this cycle? We
have demonstrated release of DOM by zooplankton excretion in a variety of taxa. This excretia may serve as
an important source of labile DOM supporting instantaneous bacterial production. Carlson et al. (unpubl.)
have demonstrated that semi-labile DOM, which accumulates at the BATS station, appears to resist rapid
microbial degradation by surface microbial assemblages. They concluded that instantaneous bacterial
production is supported by the tight coupling between
DOM production mechanisms such as algal release and
zooplankton excretion, rather than from standing
stocks of semi-labile DOC. Thus, DOM production by
zooplankton (Steinberg et al. 2000, 2002), and its subsequent remineralization by bacteria, could be an important production source of persistent CDOM in
oceanic systems (Nelson et al. in press). Excretion of
labile DOM by zooplankton could be a direct source or
a substrate for bacterial CDOM production, even in the
absence of a spring bloom. In addition, vertically migrating zooplankton in the Sargasso Sea excrete a
significant amount of DOM below the mixed layer
(Steinberg et al. 2000, 2002). Several of the species of
zooplankton demonstrated to excrete CDOM in our experiments are vertical migrators, and could contribute
to patterns of elevated CDOM concentrations at depth,
as seen in the Sargasso Sea and many other oceanic
environments (Nelson & Siegel 2002).

Conclusions and future prospects
We have demonstrated direct release of chromophoric
organic compounds by a broad range of oceanic plankton
taxa, most of which have not been previously reported
to do so. These different major taxa appear to produce
characteristic absorption spectra. While the purpose of
this release remains unclear, the fact that we rarely observe the characteristic absorption peaks in field CDOM
spectra, other than perhaps in bloom conditions, suggests
CDOM produced by plankton is labile and consumed
rapidly via bleaching or microbial consumption. Over the
longer term we suggest that the released compounds act
as a substrate for the production of longer-lived CDOM.
Thus, much of the CDOM produced by plankton is
remineralized, or becomes refractory CDOM due to
microbial reprocessing. Future studies will be needed on
the composition of biologically produced CDOM and its
potential role in UV photoprotection. The mechanisms
of biological production of CDOM are important in the
cycling of CDOM in the Sargasso Sea and, presumably,
other parts of the world’s oceans.
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